Background and objectives Elevations in N-terminal pro-B-type natriuretic peptide and high-sensitivity troponin T are associated with poor cardiovascular outcomes. Whether elevations in these cardiac biomarkers are associated with decline in kidney function was evaluated.
Introduction
Elevated levels of N-terminal pro-B-type natriuretic peptide (NT-proBNP) and troponin T (TnT) are associated with adverse outcomes, including incident heart failure (HF), major cardiovascular events, and mortality (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . NT-proBNP is secreted into the circulation from cardiac myocytes in response to stimuli, such as pressure or volume overload (13) . Similarly, TnT concentrations may become elevated in response to myocardial injury, myocardial remodeling, or left ventricular hypertrophy (LVH) (14, 15) . Elevated NT-proBNP and TnT concentrations may serve as early markers of abnormal cardiac physiology, which may also be associated with poor kidney outcomes as well.
Levels of NT-proBNP and TnT are commonly elevated in patients with reduced kidney function (15) (16) (17) (18) (19) (20) (21) , resulting from multiple physiologic stresses, including extracellular volume expansion, LVH, myocardial ischemia, and possibly, reduced renal clearance (16, 20, (22) (23) (24) . Most studies to date have primarily focused on the association between NT-proBNP and TnT and cardiovascular and/or all-cause death. However, kidney outcomes are also important in management of highrisk patients, because decreased kidney function and kidney function decline are well established risk factors for cardiovascular disease (CVD) and mortality (25) (26) (27) . Subclinical cardiac abnormalities-as indicated by preclinical elevations in NT-proBNP and TnT-may potentially identify physiologic processes that contribute to loss of kidney function.
Previous studies in persons with established CKD have suggested an association between these cardiac biomarkers and adverse kidney outcomes. For example, among participants in the Trial to Reduce Cardiovascular Events with Aranesp Therapy (TREAT) with CKD and type 2 diabetes, elevated NT-proBNP and TnT levels were independently associated with higher risk of ESRD (28) . However, to our knowledge, no studies have examined associations of NT-proBNP and TnT with kidney function decline in a community-based cohort with and without CKD, which may highlight the contribution of subclinical CVD to adverse kidney outcomes and identify opportunities for early interventions. Thus, in our study, we examined the association of NTproBNP and TnT with decline of kidney function in older adults free of clinical HF with and without CKD at baseline.
Materials and Methods

Study Population
The Cardiovascular Health Study (CHS) is a prospective, longitudinal study of older community-dwelling adults. The study methods have been previously described (29) . Participants were recruited from Health Care Financing Administration Medicare eligibility lists at four locations: Forsyth County, North Carolina; Sacramento County, California; Washington County, Maryland; and Pittsburgh, Pennsylvania. To be eligible, participants were required to be communitydwelling, age 65 years or older, expected to remain in the area for 3 years after recruitment, not receiving active treatment for cancer, and able to give informed consent without a proxy. An initial 5201 participants were recruited between 1989 and 1990. An additional 687 African-American participants were added to the study in 1992 and 1993. For our study, we excluded participants who were missing measures of NT-proBNP or TnT at baseline because of insufficient serum (n=1472). We also excluded participants with missing baseline cystatin C (n=476) and those who had prevalent HF at baseline (n=188), leaving a final analytic sample of n=3752. Those who were excluded were more likely to be men, were more likely to have prevalent CVD, and had lower eGFR (Supplemental Table 1 ).
The CHS study was approved by the institutional review boards of the University of Washington and each of the participating centers. All CHS participants provided written informed consent.
Biomarkers
NT-proBNP and TnT were measured in serum collected at baseline in the original CHS cohort (1989) (1990) ) and the supplemental cohort (1992-1993) as previously described (30, 31) . All biomarker measurements were performed on serum samples stored at 270°C to 280°C and thawed just before testing (maximum of three freeze-thaw cycles). NTproBNP was measured in 2007 on the Elecsys 2010 system (Roche Diagnostics, Indianapolis, IN) (31). The coefficient of variation for the NT-proBNP assay was 2%-5% during the testing period, and the analytical measurement range for NT-proBNP was 5-35,000 pg/ml (31). TnT concentrations were measured in 2010 with highly sensitive reagents on an Elecsys 2010 analyzer (Roche Diagnostics), with an analytical measurement range of 3-10,000 pg/ml (30) .
Outcomes
Our primary outcomes were (1) absolute annual eGFR decline, (2) rapid kidney function decline defined as an eGFR decline $30% (a definition used by the Food and Drug Administration as a clinically important decline in kidney function [32] ) from baseline, and (3) incident CKD defined as an eGFR,60 ml/min per 1.73 m 2 . eGFR was measured at baseline, year 3, and year 7 for the initial cohort and year 3 and year 7 for the African-American cohort (for a range of 4-7 years of follow-up).
For the outcome of absolute annual eGFR decline, participants had to have at least one addition measure of eGFR after the baseline measure. For this analysis, 800 participants were missing a subsequent eGFR measure and excluded, leaving an analytic sample of 3062. For the outcome of rapid kidney function decline, all 3752 participants from our study were included. Participants were censored at lost to followup (e.g., including missing a subsequent measure of eGFR) or death. To meet criteria for incident CKD, participants had to have met the following criteria: eGFR.60 ml/min per 1.73 m 2 at baseline (n=966 excluded), at least a 1-ml/min per 1.73 m 2 decline in eGFR per year in follow-up, and eGFR,60 ml/min per 1.73 m 2 at a follow-up visit. We chose these criteria to capture participants with clinically significant eGFR decline. With these exclusions, 2786 participants were available for this analysis.
We elected to use cystatin C to estimate eGFR in our primary analysis, because prior work has shown that cystatin C estimates larger declines in kidney function compared with creatinine-based eGFR (33) and that these declines predict adverse events (26, 27) . eGFR was determined from cystatin C using the 2012 CKD Epidemiology Collaboration equation, which includes age and sex (34) . eGFR was expressed as milliliters per minute per 1.73 m 2 body surface area, and cystatin C was expressed in milligrams per liter. All renal function assays were performed at the University of Vermont in May and June of 2008 on serum stored at 270°C. Cystatin C was measured using a BN II nephelometer (N Latex Cystatin C; Dade Behring, Munich, Germany) using a particle-enhanced immunonepholometric assay, and the intra-assay coefficient of variation for cystatin C ranged from 2.0% to 2.8% (35) .
Covariates
Clinical characteristics were obtained from the baseline CHS study visit and included demographic characteristics (age, sex, and race) and comorbid diseases (coronary heart disease [CHD], stroke, hypertension, and diabetes). CVD was defined as history of CHD or stroke. CHD was defined as a history of angina, myocardial infarction (MI), coronary angioplasty, or coronary artery bypass surgery. Information on tobacco use was collected from self-report (never, former, or current). Diabetes was defined as fasting glucose .126 mg/dl or use of oral hypoglycemic medications or insulin. Physical examination measures (systolic and diastolic BP and body mass index in kilograms per meter 2 ) and laboratory values (total cholesterol, LDL cholesterol, HDL cholesterol, and triglycerides) were considered in the analysis. Medication use (antihypertensive [including angiotensin converting enzyme inhibitors/angiotensin receptor blocker and diuretics] and lipid-lowering medications) was determined by participants' pill bottles and recorded by study personnel. An electrocardiogram was performed at baseline, and left ventricular mass (LVM) was estimated from the electrocardiogram (36) . LVH was defined by the Cornell criteria (37) . Serum creatinine, measured using a colorimetric (5) 70 (4) 71 (5) 73 (5) 75 (6) Women, n (18) 217 (23) 174 (18) 145 (15) 121 (14) Prevalent cardiovascular disease,
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Statistical Methods
Characteristics of the study population were compared across quartiles of NT-proBNP and across categories of TnT (undetectable and tertiles of the detectable range). We used linear mixed models to test the association of NT-proBNP and TnT with absolute annual eGFR decline. We then performed Cox regression models to examine the association of NT-proBNP and TnT with risk of rapid kidney function decline and incident CKD. We used the Fine and Gray model to account for the competing risk of death. We chose covariates to adjust for a priori that may be important confounders. We first adjusted for demographic characteristics (age, sex, and race), baseline eGFR, and other important covariates (systolic and diastolic BP, body mass index, diabetes mellitus, antihypertensive medications, and prevalent CVD), and in a final model, we adjusted for the alternative cardiac biomarker. We tested for interactions by sex, age, baseline eGFR, and CKD (defined as eGFR,60 ml/min per 1.73 m 2 ) at baseline.
Interim CVD is a possible competing risk as well as a potential mediator in the association of cardiac biomarkers with kidney function decline. Therefore, we also adjusted for interim HF hospitalizations as well as interim MI hospitalizations.
In a final analysis, we examined potential additive associations of elevated NT-proBNP and TnT with decline in kidney function. For this analysis, we defined participants as having one or both biomarkers in the highest quartile or category of NT-proBNP (.237 pg/ml) and TnT (.10/58 pg/ml; high/high NT-proBNP/TnT, high/low NTproBNP/TnT, low/high NT-proBNP/TnT) relative to the referent group of participants in the lowest category of both biomarkers (low/low NT-proBNP/TnT). We calculated the additive interaction of including both biomarkers in the models.
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151 (11) 100 (15) 172 ( CHD at baseline and repeated our Cox regression models, examining the association of each cardiac biomarker with rapid kidney function decline. The rationale for this sensitivity analysis was to exclude clinical heart disease as a possible confounder in our analysis. In a second sensitivity analysis, we explored using a dichotomous NT-proBNP cutoff of .190 pg/ml and sex-stratified TnT cutpoints of .17 pg/ml for women and .31 pg/ml for men to define high risk. These cutoffs were chosen on the basis of prior work in the CHS that defined risk thresholds for cardiovascular events in the elderly (31,38). In a third sensitivity analysis, we adjusted for baseline measures of left ventricular ejection fraction (LVEF) and LVM as determine by echocardiography in the subset of participants who had these available measures. In a final sensitivity analysis, we repeated our main analyses using the 2012 combined creatinine-cystatin C equation to calculate eGFR (34) . All analyses were conducted using SPSS 21.0.0.1 (released 2012, IBM SPSS Statistics for Windows, Version 21.0; IBM Corp., Armonk, NY) and Stata (Version 13.1; College Station, TX), and P values ,0.05 were considered statistically significant for all analyses.
Results
Baseline Characteristics
Among 3752 participants included in our study, mean age was 72 (65) years, 63% were women, and 18% were African American. Mean serum cystatin C eGFR (eGFRcys) was 72 (619) ml/min per 1.73 m 2 at baseline. Median (interquartile range) NT-proBNP was 80 (44-142) pg/ml, and median TnT was 5.01 (2.99-9.64) pg/ml. Participants with the highest levels of NT-proBNP and detectable TnT levels were more likely to be older, have a history of CVD or LVH, and have hypertension and diabetes, and they had lower eGFRcys (Tables 1 and 2 ).
NT-proBNP and Decline of Kidney Function
The absolute rate of decline of eGFRcys was higher among participants with higher NT-proBNP ( Figure 1A , Table 3 ) over a mean follow-up time of 5.58 (1.80) years. Over a mean follow-up time of 6.41 (1.81) years, 744 participants died, and 503 participants had rapid kidney function decline defined as $30% decline in eGFRcys. After adjustment for demographics, baseline eGFRcys, comorbid diseases, and pertinent medications, participants in the highest quartile of NT-proBNP had 67% (95% CI, 25% to 223%) higher risk of rapid kidney function decline compared with those in the lowest quartile. This association was attenuated but remained statistically significant after adjustment for TnT (Table 4) . Prevalent CKD at baseline, baseline eGFR, sex, or age did not modify the association between NT-proBNP and rapid kidney function decline (P value for interaction .0.05 for all).
Of 2786 CHS participants at risk for incident CKD, a total of 685 participants developed incident CKD over a mean time of 6.41 (1.74) years. After multivariable adjustment, those in the highest quartile of NT-proBNP had a 38% (95% CI, 8% to 76%) greater risk of incident CKD compared with those in the lowest quartile (Table 4) . These associations were largely unchanged with additional adjustment for TnT. Sex or age did not modify this association (P value for interaction .0.05).
There were 115 interim HF hospitalizations and 51 interim MI hospitalizations. Adjustment for these events did not change the association of NT-proBNP with either rapid kidney function decline or incident CKD (Table 4) .
TnT and Decline of Kidney Function
The mean decline of eGFRcys was higher among participants with higher TnT ( Figure 1B , Table 3 ). Those with the highest level of detectable TnT had a significantly greater difference in annual eGFR decline of 0.33 (95% CI, 0.06 to 0.59) ml/min per 1.73 m 2 compared with those with undetectable TnT (Table 3) .
Participants in the highest category of TnT had 80% (95% CI, 35% to 240%) higher risk of rapid kidney function decline compared with participants with undetectable TnT (Table 5) . These associations were slightly attenuated but remained strong and statistically significant after adjustment for NTproBNP (Table 5) . Prevalent CKD at baseline, baseline eGFR, sex, or age did not modify the association between TnT and rapid kidney function decline (P value for interaction .0.05 for all).
Participants in the highest quartile of TnT had higher unadjusted rates of incident CKD. This association was no longer statistically significant after adjustment for confounders (Table 5 ). Sex or age did not modify this association (P value for interaction .0.05).
Adjustment for interim HF or MI hospitalizations did not change the association of TnT with either rapid kidney function decline or incident CKD (Table 5) .
NT-proBNP, TnT, and Risk of Decline of Kidney Function
The 367 participants in the highest category of both NTproBNP and TnT had significantly higher risk of rapid kidney function decline compared with the participants in the three lower quartiles of each biomarker (Table 6) . However, the additive interaction term was not statistically significant (synergy index=1.87; 95% CI, 0.75 to 3.00). Elevations in both biomarkers were not associated with incident CKD (Table 6 ).
Sensitivity Analyses
In the first sensitivity analysis, we repeated our analyses examining the association of elevated cardiac biomarkers and rapid kidney function decline after excluding 679 participants with baseline history of CHD, resulting in a study population of 3073 participants. The associations of both NT-proBNP and TnT were largely unchanged (Supplemental Table 2 ).
In the second sensitivity analysis, we used predefined alternative cutpoints to categorize high NT-proBNP and TnT. In this analysis, only the association of elevated NT-proBNP with rapid decline of kidney function was statistically significant. (Supplemental Table 3 ). There was no association of high NT-proBNP or TnT with incident CKD or TnT with rapid decline of kidney function (Supplemental Table 3 ).
In the third sensitivity analysis, we repeated our models, adjusting for baseline measures of LVEF and LVM in the subset of participants who had echocardiograms performed at baseline. Adjustment for LVEF and LVM mildly attenuated our result. Elevated NT-proBNP was only statistically significant for higher risk of incident CKD in multivariable models, and elevated TnT was only statistically significant for higher risk of rapid decline of kidney function (Supplemental Table 4 ).
In a final sensitivity analysis, we repeated our models using combined creatinine-cystatin C eGFR equation. In these analyses, the results were similar to the primary models using eGFRcys (Supplemental Table 5 ).
Discussion
In a community-based, multicenter cohort of older adults free of clinical HF, we found that elevations in NT-proBNP (particularly $116 pg/ml) were associated with subsequent rapid kidney function decline and incident CKD and that elevations of TnT ($5.58 pg/ml) were associated with subsequent rapid kidney function decline. These associations were consistent even with exclusion of patients with prevalent CHD. Furthermore, the associations between these cardiac biomarkers and rapid kidney function decline were independent of baseline level of eGFR, other CKD risk factors, and the alternative cardiac biomarker.
Elevated NT-proBNP levels reflect a wide range of cardiac pathophysiology, including changes in myocardial pressure or volume and structural heart disease, such as LVH or asymptomatic systolic dysfunction. Literature has suggested that, even in the absence of clinically overt CVD, there is a strong association between subclinical CVD and kidney function decline (39, 40) . Similar to our study, others have reported strong associations between higher NT-proBNP and decline in kidney function. One study evaluated the association of NT-proBNP and acute changes in kidney function among 1000 patients undergoing cardiac surgery and found that elevated preoperative NT-proBNP was associated with up to a 3-fold relative risk for postoperative AKI (41) . Another study of 500 patients with CKD from a single center found that elevated B-type natriuretic peptide was associated with a 78% higher rate of ESRD (42) . In the TREAT, among participants with nondialysis CKD, anemia, and type 2 diabetes, participants with the highest quartile of NT-proBNP had a nearly 4-fold risk of ESRD compared with those in the lowest quartile in unadjusted models (adjusted models were not reported for each biomarker individually) (28) . Similarly, in another study, NT-proBNP was associated with the combined renal end point of ESRD and doubling of creatinine among individuals with mild-to-moderate nondiabetic kidney disease (43) . Limitations of these prior studies include single center, small study populations, clinical trial participants (which may not be as generalizable), lack of interim measures of kidney function before ESRD, and a focus on patients with CKD or HF at baseline. Our results expand on these prior studies by reporting a strong association between elevated NT-proBNP and clinically relevant changes in kidney function before the onset of clinically diagnosed CKD among a large, multicenter, community-based cohort of elderly adults free of HF at baseline across a range of kidney function. Concentrations of TnT may become elevated in response to myocardial injury, myocardial remodeling, or LVH (14, 15) . Very few studies have examined associations of elevations in TnT and decline in kidney function. A recent study of the Framingham offspring cohort found that TnT was not associated with rapid kidney function decline ($3 ml/min per 1.73 m 2 per year) or incident CKD (44) . However, this population was younger and generally healthier compared with the CHS study population. In the TREAT, among participants with CKD and type 2 diabetes, those with detectable TnT using an older conventional assay (with a nearly 10-fold higher limit of detection) had nearly 4-fold higher rate of progression to ESRD in unadjusted analyses, similar to the associations with NT-proBNP (28) . In our study, participants with the highest quartile of detectable TnT (using a more sensitive assay) had a .2-fold higher risk of rapid decline of kidney function. This association was unchanged when participants with prevalent CHD were excluded. These results suggest that subclinical CVD, as indicated by elevations in TnT, may be an important contributor to rapid decline of kidney function in the elderly.
Our study has important implications. Cardiorenal syndrome is the complex bidirectional relationship between HF and kidney disease (45) . Many mechanisms have been proposed to explain cardiorenal syndrome, including altered hemodynamics (from both poor cardiac output and venous congestion) (46) , alterations in the sympathetic nervous system and the renin-angiotensin-aldosterone system, inflammation, oxidative stress, and atherosclerosis (47, 48) . Although we cannot determine the mechanism leading to elevations in NT-proBNP and/or TnT in our study population, it is plausible that elevations in these biomarkers reflect early changes in volume and cardiac stretch, venous congestion, subclinical atherosclerosis, or myocardial ischemia, which may contribute to decline in kidney function. It remains unclear if these cardiac changes are causal in the decline of kidney function or if parallel processes are affecting both the heart and the kidney. Interestingly, adjustment for interim HF and MI did not attenuate the observed associations; thus, interim CVD cannot entirely explain our findings. Our study suggests that clinically available cardiac biomarkers may help identify patients without clinical HF that are at high risk for adverse kidney outcomes.
Our study has limitations that warrant consideration. NT-proBNP and TnT were not available in all participants because of inadequate samples; however, prior work has shown few differences in participant characteristics among those who did versus did not have measured cardiac biomarkers (30, 31) . There were also minimal differences between patients who were included versus excluded (Supplemental Table 1 ). This was a retrospective analysis. Measures of urine albuminuria or proteinuria were not available at baseline (only available at year 9), and therefore, we were not able to adjust for this possible confounder. We could not determine the etiology of these low-level elevations in cardiac biomarkers and if they may be modifiable. To be included in the study for evaluation of incident CKD as an outcome, participants had to have a repeat measure of kidney function; thus, there may be some bias, because participants who died or were lost to follow-up in the interim were not included. Last, the study was conducted among older community-dwelling adults, and the results may not be generalizable to younger or institutionalized older adults.
In conclusion, in a large community-based cohort of older adults free of clinical HF with a wide range of kidney function, we found that NT-proBNP and TnT were associated with rapid kidney function decline and incident CKD. These results suggest that patients with subclinical cardiac disease are at high risk for adverse kidney outcomes. Additional studies are needed to determine whether treating this early cardiac dysfunction may help reduce the burden and progression of kidney disease.
